The low-speed flowfield on a generic unmanned combat air vehicle (UCAV) is investigated. A wind tunnel experiment was conducted with the Boeing 1301 UCAV at a variety of angles of attack up to 70 degrees, both static and with various frequencies of pitch oscillation (0.5, 1.0, and 2.0 Hz). In addition, pitching was performed about three longitudinal locations on the configuration, the nose, 35% MAC, and the tail. Solutions to the unsteady, laminar, compressible Navier-Stokes equations were obtained on an unstructured mesh to match results from the static and dynamic experiments. The computational results are compared with experimental results for both static and pitching cases. Details about the flowfield, including vortex formation and interaction, are shown and discussed. 
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Introduction
Unmanned combat air vehicles (UCAVs) have shown their value as reconnaissance vehicles, and even tactical weapons, over the past few years. Aircraft such as Predator and Global Hawk are fast becoming essential tools in the day-to-day operations of the military. While the capability of these aircraft will continue to be improved, a need will develop for the vehicles to be able to perform more complex maneuvers, including flying in formation with other UCAV vehicles.
Eventually, UCAVs will be called upon to take advantage of their pilotless state and pull many more g's than manned aircraft. Issues such as control actuation, 1 morphing wings, 2 fuel cellbased propulsion systems, 3 MEMS-based control systems, 4 and semi-autonomous flight 5 will be essential to the further development of these vehicles. One such capability will be utilizing dynamic lift (also known as dynamic stall) due to fast pitch-ups for super-maneuverability and agility.
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Dynamic lift utilizes the hysteresis effects of airfoils or wings pitching up at rapid rates to delay the onset of stall. As airfoils pitch up there is a time lag in the separation of flow over the upper surface, which allows for the attainment of higher angles of attack than during static conditions. In addition, leading-edge vortices form that aid in the development of lift. Several researchers have shown the effects of dynamic lift (or dynamic stall) on airfoils, both with experimental and numerical studies. [6] [7] [8] In fact, excellent review articles on dynamic stall have been written by Ekaterinaris and Platzer, 9 as well as Carr. 10 Experimental and numerical studies have also been conducted on wings undergoing dynamic stall-see Refs. 11 to 13, for example.
Very little work, however, has been done on studying the dynamic lifting capabilities of full aircraft configurations such as generic UCAVs. This work hopes to better understand the impact of vortex lift and vortex breakdown, coupled with dynamic lift, for these configurations. The results of the dynamic stall studies for airfoils may be summarized by the lift and pitching moment results shown in Fig. 1 . Depending on the pitching frequency, an airfoil will exceed static loads as it pitches up, with lift continuing to increase until separation becomes apparent on the upper surface near the trailing edge (a). Eventually, as the separation region grows, a vortex will form near the leading edge of the airfoil (b). The vortex momentarily increases the rate of lift increase, but eventually the stall region reaches its full extent (c). Finally, as the airfoil pitches down the boundary layer begins reattaching to the upper surface, and finally the flow returns to its original state (d). The combination of flow separation and vortex formation also has a large impact on pitching moment, as can also be seen in Fig. 1 . Again, these results are based on two-dimensional airfoils pitching at approximately the same frequencies. It is not known whether these results would be reproduced on a full UCAV configuration. 
Experimental Results
A full-scale model for the Boeing 1301 UCAV configuration is shown in Fig. 2 . The configuration has many similar features to the X-45A UCAV configuration (see Fig. 3 ). The 1301 configuration has a straight, 50° sweep leading edge, an aspect ratio of 3.1, a top-mounted engine inlet, and a B-2-like wing planform. The full-scale configuration has a mean aerodynamic chord of 20.2 ft and a reference area of 694 ft 2 . The model was suspended from downstream using a C-shaped bracket with a center mount for the balance and model. The bracket was mounted vertically in the test section of the tunnel, so that the center of rotation was a vertical axis through the center of the tunnel. Two separate synchronized servo motors on the top and bottom of the tunnel drove the pitching motion through a timing belt/arc sector 20:1 gear ratio setup. In addition, the hysteresis effect decreases as the angle of attack range increases. Also, while the pitching effect on lift is obvious, there is very little impact on the drag of the configuration. The results are quantitatively similar to airfoil results shown in Ref. 9 , although airfoils rarely gain or lose lift at angles of attack in the linear range during the pitch-up motion.
While these results are interesting and encouraging, very little knowledge was gained about the fluid dynamic processes that are involved in creating the experimental results. While the results for pitching about the nose (Fig. 7) only show slight differences when compared with the 35% MAC center of pitch results, pitching about the tail (Fig. 8) shows markedly different results. While the pitch-up portion of the cycle yields dramatically higher lift coefficients in the post-stall region, the pitchdown lift is dramatically lower than the static results for most of the cycle. Pitching about the tail, while interesting, may not afford the overall increases in lift that would be of interest in a UCAV, with the lift increase during the pitch up being counterbalanced by the lift decrease during the pitch down, except in the post-stall region. This might lead to the use of various flow control methods to obtain similar results without the adverse impact on lift at the lower angles of attack. 
Computational Results
The unstructured flow solver Cobalt was chosen because of its speed and accuracy; Cobalt is a commercial version of Cobalt 60 . Cobalt solves the Euler or Navier-Stokes equations, including an improved spatial operator and improved temporal integration. The code has been validated on a number of problems utilizing turbulence models, including the Spalart-Allmaras model (which forms the core of the DES hybrid turbulence model). 15 Tomaro, et al., converted Cobalt 60 from explicit to implicit, enabling CFL numbers as high as one million. 16 Grismer, et al., then parallelized the code, yielding a linear speedup on as many as 1024 processors. 17 Forsythe, et al., provided a comprehensive testing and validation of the RANS models, including the Spalart-Allmaras, Wilcox k-ω, and Menter's turbulence models. 18 The computations were performed on an Origin 2000 computer (using 30 processors) and a Beouwulf cluster (using 38 processors). The solutions were obtained using unstructured grids with a combination of prism and tetrahedrons. The meshes were generated for half of the configuration, with symmetry assumed about the configuration centerline in the spanwise direction. The centerline plane was modeled as a symmetry plane, the UCAV surface was modeled as a solid wall with a no slip condition, and the outer boundaries were modeled with freestream conditions. In order to more closely match the wind tunnel model, the inlet and exhaust areas of the configuration were covered over with solid surfaces. The outer boundary was placed 8 mean aerodynamic chords in front of, 10 mean aerodynamic chords behind, and 4.5 mean aerodynamic chords above and below the configuration.
The flowfield for the 1301 UCAV configuration was computed for three grids of varying sizes: 1.3 million, 2 million, and 4 million cells. The 2 million cell mesh is shown in Fig. 9 . Mesh refinement was made in the region above the wing in order to more effectively model the leading-edge vortices and vortex breakdown above the wing. ). The post-stall results were fairly dramatically changed after the time-accurate runs (some of which took a considerable amount of time to reach a final solution), with much improved comparisons between the predictions and the experimental data (see Fig. 13 ). While the stall region was still not modeled precisely, the computations show reasonable comparisons for most of the angle of attack range. (Fig. 14a) , the flow is fairly conventional, with streamlines flowing over the airfoil sections creating slightly lower pressures on the upper surface. A small region of separated flow is seen near the aft end of the configuration, however.
When the angle of attack is increased to o 10 = α (Fig. 14b) , most of the flowfield remains approximately the same, however a small vortex has developed along the leadingedge of the configuration. By the time o 15 = α is reached (Fig. 14c) , the leading-edge vortex is quite pronounced, although the vortex is already breaking down approximately half way along the leading edge. While this leading-edge vortex provides additional lift (note the decreased upper surface pressures), the additional lift is not enough to maintain a linear lift curve (see Fig.  13 ). Fig. 1 ). After reaching the maximum pitch angle, the lift usually drops below the static value for the remainder of the cycle. In the case of the 1301 UCAV, however, the lift is greater than the static case during the pitch up. α from the pitch up and pitch down results, respectively. Notice that the leadingedge vortex for the pitch-up case is stronger (resulting in lower pressures), than the static result. This is the cause of the increase in lift during the pitch up: the dynamic motion creates a leading-edge vortex that is stronger than for the static case. While the aft portions of the upper surface seem to have slightly different pressures as well, it is believed that most of the dynamic lift is coming from the leading-edge vortex. Since the pitch-up vortex is stronger, vortex breakdown could also take place at lower angles of attack, so there is a trade-off between increased lift during pitch-up and loss of the lift as the vortex breakdown location moves forward on the vehicle. This may explain the change in the incremental lift produced while pitching up (see Fig. 15 where the difference between the pitch-up lift and the static lift is different at lower angles of attack than at higher angles of attack). 
Conclusions
A representative unmanned combat aerial vehicle (UCAV) has been studied computationally and experimentally. The Boeing 1301 UCAV configuration, similar in shape to the X-45A, is a candidate configuration for future UCAV applications, where increased maneuverability and flight capabilities will be important. In order to assess the capabilities of such a configuration, the high angle of attack and pitching characteristics of the vehicle have been assessed.
While the 1301 UCAV is not, in general, an optimum aerodynamic configuration, it does have interesting aerodynamic characteristics. For example, in spite of the use of a rounded leading edge, a leading-edge vortex is clearly developing at The pitching characteristics of the vehicle are somewhat unusual when compared with pitching airfoils and simpler wing geometries. Instead of gaining lift during a pitch-up maneuver (when compared with the static lift characteristics), the 1301 UCAV actually looses lift until the post stall region is reached. During the pitch down maneuver, the aircraft gains lift compared to the static case.
